August 16, 2011 0:9 WSPC/INSTRUCTION FILE Nol4-Nagao-arXiv 



Signatures of Dark Matter in Inert Triplet Models 



Takeshi Araki 1 , C. Q. Gcng 2 - 3 and Keiko I. Nagao 2 * 

1 Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China 
2 Department of Physics, National Tsing Hua University, Hsinchu, Taiwan 300 

3 National Center for Theoretical Sciences, Hsinchu, Taiwan 300 



In this talk, wc will review the signatures of dark matter in two inert triplet models. 
For the first model with the hypercharge Y=0, the dark matter mass around 5.5 TeV is 
favored by both the WMAP data and the direct detection. In contrast, for the second 
model of Y=2, it is excluded by the direct detection experiments although dark matter 
with its mass around 2.8 TeV is allowed by WMAP. 
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1. Introduction 

Since the standard model (SM) cannot give an explanation for dark matter, new 
physics is expected. In this talk, we review the signatures of dark matter in two 
models which contain SU(T)l triplet scalars with the hypercharges Y=0 and 2 
under U(l)y, respectively ^. In these models, the triplets are odd under an Z 2 
symmetry so that they neither directly couple to the SM fermions nor develop 
vacuum expectation values (VEVs) , while the neutral components of the triplets are 
the dark particles. We will refer to the models as the inert triplet models (ITMs). 
The number of new parameters in the Y=0 ITM is three compared to the SM, which 
is the same as those in the inert sing let model El. Clearly, the Y=0 ITM is one of 
the minimal inert models. Similarly, the Y=2 ITM like the inert doublet Model SWSl 
has five new parameters. 

The relic abundance of the cold dark matter in the universe is determined to 
belH 

McDAih 2 = 0.1123 ±0.0035, (1) 

where h = 0.710 ± 0.025 is the scaled current Hubble parameter in units of 
100 km sec -1 Mpc -1 . On the other hand, the direct searches also provide constraints 
on dark matter. For example, the spin-independent (SI) dark matter cross section 
has to satisfy^ 

<rsi < (5 x 10 - 44 ) - 10 - 42 . (2) 
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Note that to have the above constraint, we have assumed that dark matter is 
the Weakly Interacting Massive Particle (WIMP) with its mass smaller than 
O(10 3 ) GeV0. 

2. Inert Triplet Models 

2.1. Inert Triplet Model with Y=0 

We extend the SM by adding a zero hypercharge SU{2)l triplet scalar with an 
unbroken Z2 symmetry. The relevant Lagrangian is given by 

C = \D^H\ 2 + tr\D^T\ 2 - V(H, T), 
V{H,T) = m 2 H f H + 7\/ 2 tr[T 2 ] + Ail-H^Hf + A 2 (tr[T 2 ]) 2 + \ 3 H*H tr[T 2 ] ,(3) 

where is the covariant derivative including the SM gauge bosons, and the SM 
Higgs doublet H and the triplet T scalars are defined as 



respectively, with (h) = v = 246 GeV and (T°) = 0. The stability condition of the 
Higgs potential requires 



Ai, A 2 > 0, 2\J AiA 2 > I A3 1 for negative A 3 . (5) 

The potential in Eq. ([3]) becomes a local minimum if and only if 

m 2 < , 2M 2 + A 3 w 2 > , (6) 

where v 2 = —m 2 /Xi. After h acquires the VEV, the scalars gain the following 
masses: 

1 

2 

t.ViR massfis nf T° 
as 

m T ± = m T o + (166 MeV). (8) 



m 2 h = 2\ lV 2 , m| = m|± = M 2 + -X 3 v 2 , (7) 
at tree level. Due to the radiative corrections the masses of T° and T ± are split 



Hence, T° turns out to be the lightest component of the triplet scalar with its 
stability protected by the Z 2 symmetry. 

Since the triplet scalar is added to the SM, one may expect that it affects the 
so-called oblique (S and T) parameters. In general, however, an Y = triplet has 
no contribution to the S parameter, while the contribution to the T parameter is 
also vanishing in the limit of = m T ± Even if we consider the small mass 
splitting in Eq. ((HJ, its effect is negligibly small, such that 



T = 1 



Cm 2 -i-m 2 ^) 2m TO m T± m T0 
{nirpo ~r riirp± j „ g — ^°g — ^ — 



0, (9) 
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where s w (c w ) is the weak mixing angle and niz is the Z boson mass. Therefore, the 
constraint on the Higgs boson mass (m^) from the precision electroweak measure- 
ments is the same as that in the SM. In our calculation, we restrict mh to be within 
the range of 

114 GeV < m h < 185 GcV (10) 

as estimated in Ref. ^ with the excluded region of 158 ~ 175 GeV reported by the 
TevatronM. 



2.2. Inert Triplet Model with Y — 2 

In the model with the inert triplet scalar of Y = 2, the Zi invariant scalar potential 
is given by 

V(H, T) = m 2 H^H + MHt[T^T] + X^H^H] 2 + X 2 tr[T^TT^T] + A 3 (tr[T f T]) 2 

+A 4 £T t ff tr[r f T] + X 5 H^TT^H , (11) 



where 



The masses of the scalars are found to be 
,2 _ o \ „.2 




m h = 2X\v , 



1 



m^o = m 2 T o = M + -(A 4 + X 5 )v 2 , 

9 71 r7 1 f . A5 \ O 9 A5 n 

m T± = M + j + ~^ ) v = m T°(T°) ~ ~~£ v ' 

2 71 r 2 , 1 \ 2 2 -^5 2 ; 10 \ 

m T± ± = M + -^XiV = m T o (T o) — —v . (13) 

It is clear that T° can be the lightest Z2 odd particle if A5 < 0. Since dark matter 
must not be a charged particle, we will concentrate on A5 < afterward. 

3. Signatures of Dark Matter 

3.1. Dark Matter in the model of Y=0 

In the model, since the masses of dark matter (T°) and charged components (T*) 
are almost degenerate, the coannihilation effects of T° T ± and T ± T T should be 
included in the calculation of the relic abundance of T° 

In Figs. [T]and El we show the relic abundance of T°, where we have used mi 



pro 

crOMEGAS 2.Jf L * i . For small couplings, i.e. A3 < 1, the dark matter annihilation 
is governed by the weak interaction. So the annihilation cross section does not de- 
crease so much. On the other hand, in the large coupling region (i.e. A3 > 1), the 
main annihilation modes arc Higgs interactions. Since the trilinear coupling of h 
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Fig. 1. Relic abundance for = 120 GeV with three different choices of A3, where the dark 
gray band represents the region favored by WMAP. 
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Fig. 2. Relic abundance for = 120 GeV with the vertical axis of Log[A3], where black, gray, 
and white regions show the parameter regions larger than, agrees with, and smaller than the 
WMAP constraint, respectively. 



involves only A3, the cross sections are enhanced by A3. From the figure, we find 
that for 5.4 TeV < < 6 TeV, the relic abundance agrees with the WMAP data 
in Eq. ©. 

The SI cross section of the Y=0 ITM is shown in Fig. [3] From the figure, we 
can see that in most of the region, the model escapes the constraint from the direct 
search. In this model, the allowed processes are the T°-quark (u,d) scatterings at 
tree level with the small Yukawa coupling, and T°-gluon scatterings at loop level. 
As a result, the SI cross section is clearly suppressed. 



3.2. Dark Matter in the model of Y=2 

The total relic abundance of T® and Tf is shown in Fig. [5j Note that the masses of 
T ± and T ±=t are automatically fixed if m^o and A5 are known. Since the degeneracy 
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Fig. 3. Spin-independent scattering cross section between the dark matter T° and nucleus parti- 
cles, where numbers on lines represent the cross sections in cm 2 unit, while the light gray region 
is allowed by direct searches of dark matter. 
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Fig. 4. Relic abundance in the Y=2 ITM for mj, = 120GeV with the vertical axis of Log[|A5|], 
where the light gray region is allowed by WMAP. 



of triplet masses is lifted at tree level, coannihilations of the triplet scalars are not 
so effective compared to that in the Y = case. Thus, the relic abundance gets 
enhanced. In the large | A. 5 1 region, as the mass degeneracy of the triplet components 
is lifted, the coannihilation effect becomes weaker than that in the small |As|, which 
enhances the relic abundance. However, the annihilation cross section becomes large 
due to the large couplings of A4 and [As|, which suppresses the relic abundance more 
effective than the coannihilation effect. 

From Fig. |4j one can see that in the small mass region, the relic abundance 
drastically changes due to the resonance effect as well as the opening of new anni- 
hilation final states. In the figure, we have fixed A4 = | A 5 1 / 8 . As A4 approaches to 
I A5 1 , the figures become similar to those with small As| since the main interactions 
enhanced by the large Higgs coupling are proportional to (A4 + A5). In the region 
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Fig. 5. Legend is same as Fig[2] but for the Y=2 inert triplet model, where (i) A4 = |As|/8, (ii) 
A 4 = |As|, (hi) A 4 = 2|A 5 |, and (iv) A 4 = 8|A 5 |. 



with |A 4 |/|A 5 | ^ 1, where T°T°(T°T°) -s- hh is most effective, the relic abundance 
is reduced. In the case of | A.4 1 / 1 A5 1 = 1, the tri-Higgs couplings proportional to 
(A 4 + A5) are canceled to 0. Thus, the effective couplings of the Higgs bosons are 
very weak and the relic abundance is mainly determined by gauge interactions. 

We comment on the direct detection of the Y=2 case. Unlike those in Y=0, 
there arc additional scattering processes in the Y=2 model, which are the T°-quark 
scatterings through the gauge coupling of T° to Z. They have larger cross sections 
due to the gauge coupling. Because of these large cross sections, almost all region is 
excluded by the direct detection constraint in Eq. ^ . Note that since the scattering 
process does not depend on the Higgs coupling, this tendency is same even if the 
ratio of A4 and IA5I changes. 
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4. Conclusion 

We have studied dark matter in the two inert triplet models and we have found 
that there arc allowed regions which agree with the WMAP result in TeVscale for 
both models. Explicitly, we have shown that in the Y=0 model, the dark matter 
mass of the neutral scalar around m-po ~ 5.5TcV is favored by WMAP, which is 
also allowed by the direct detection, while in the Y=2 model, m^o ~ 2.8 TeV is 
preferred in terms of the relic abundance, but most of the region is excluded by the 
direct detection constraint since the T°-quark scattering cross section mediated by 
Z enhanced the SI cross section, 
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